Introduction
The photonic−crystal vertical−cavity surface−emitting lasers (PhC VCSELs) are very promising structures allowing sig− nificant reduction of the power consumption and an im− provement in the laser beam. An essential improvement can be expected for the devices manufactured in the phosphide and nitride technology, which suffer from the lack of effi− cient optical confinement mechanism. The incorporation of the PhC to the VCSELs governs efficient overlap of the light and the carriers contributing to more effective light generation improving the laser performance.
There is a plethora of possible applications of PhC VCSELs, such as laser printers, mobile devices for gas sen− sing utilized in automotive industry and defence, control of chemical processes etc. but the key applications of PhC VCSELs are expected to be the communication systems where the density of the transferred data continues to grow rapidly. The performance at electrical interconnections faces numerous challenges, such as high power consumption, sig− nal degradation, and electromagnetic interference. Optical in− terconnection will be one major method to upgrade intercon− nect performance due to their advantageous high−speed data transfer capability in a small form factor with low crosstalk at high density. PhC VCSELs are promising light sources for optical interconnections due to very low power consumption [1] [2] [3] and strong discrimination of higher order modes which contributes to high−speed operation [4] [5] [6] [7] . Furthermore, PhC VCSELs allow for high−density two−dimensional array, low crosstalk, and low production costs.
Incorporation of the photonic crystal to the vertical−cavity surface−emitting laser (VCSEL) allows for effective lateral light confinement. Wet oxidation of AlAs layers plays similar role, however, it is limited to the arsenide technology only and although it reduces the threshold current it also reduces the emitted power in the single mode regime. However, photonic crystal can be etched within the device indepedently from the device material system and confines the light by the strong waveguide mechanism and additio− nally by photonic bandgap or weaker lateral bragg reflactions.
The paper presents the numerical analysis of photonic crystal influence on VCSEL single mode operation perfor− mance and technological possibilities of etching photonic crystals in GaAs/AlGaAs the Bragg reflectors. The presen− ted analysis shows that three parameters are crucial for sin− gle mode operations: diameter of the photonic crystal hole, distance between the holes and depth of the hole.
The literature indicates that photonic crystals in GaAs and AlGaAs -based structures are mostly etched in chlorine plasmas [BCl 3, BCl 3 /Cl 2 , Cl 2 /Ar, SiCl 4 (Refs. 8 and 9)]. SiO 2 and metal masks are used for this kind of etching. Apart from obtaining the right diameter−to−depth ratio, also achieving smooth and vertical walls of the etched patterns is a significant problem in the etching of photonic crystals.
Numerical analysis of VCSEL with a photonic crystal
Here, we describe the influence of the application of photo− nic crystal on the single mode operation of InGaAsAl/InP 1300 nm VCSEL with GaAs/AlGaAs Bragg reflectors (DBR). The structure of the laser is shown in Fig. 1 .
In the theoretical analysis we use plane wave admittance method (PWAM) for solving optical behaviour of PhC VCSELs. The method combines two very effective appro− aches. In the plane of the active region, the field is expanded in a basis of exponential functions and, using the admittance method, it is transformed through the layers determining an eigenvalue problem, which gives as a solution the complex effective wavelength of the mode and the distribution of the mode within the structure. Details of the model are de− scribed in Ref. 10.
In Fig. 2 , the single mode regions are determined as functions of the etching depth of photonic crystal, the dia− meter of the holes a and the distance between the holes L. The lower limit is defined by the cut−off etching depth, i.e., the depth for which fundamental mode is confined by the pho− tonic crystal. From the top, it is limited by the cut−off etch− ing depth for the first higher order mode. From left and right side, it is also limited by the cut−off and cut−off for the first higher mode, respectively. In that case, the confinement is governed by the diameter of the holes. For relatively small a/L, there is no upper limit of the single mode region. In this case of "extended" single mode region, the holes support the fundamental mode only and no higher order mode appe− ars independently from the etching depth. This "extended" single mode region is shifted towards the smaller a/L ratios and it is squeezed with the increase of R A : in the case of R A = 1 μm, the single mode region is limited by 0.2 < a/L < 0.5 while for broad optical aperture R A = 6 μm by 0.1 < a/L < 0.2. For the remaining stripe of a single mode region one can see in Fig. 2 that its thickness is almost the same for dif− ferent R A . It is approximately equal to 0.5 μm and does not depend on a/L. Only in the extreme case of R A = 1 μm it is somewhat thicker and equals approximately 1 μm. The posi− tion of the single mode region is shifted toward shallower etching depth with the increase of R A and a/L. However, the dependence on a/L is weak and for a/L > 0.6 the shift is insignificant.
Fabrication and characterization of GaAs/AlGaAs photonic crystals for VCSEL
The samples of the Bragg reflector layers GaAs/AlGaAs have been used in experiment. The types of DBR structures are shown in Fig. 3 . On the basis of theoretical calculation, twenty seven dif− ferent configuration of photonic crystal patterns using ne− gative and positive photolithographic masks have been designed and manufactured. The patterns had different hole diameters a and the distance between the holes L. Main part of experimental consists of photolithography process and plasma etching of photonics crystals. Because of the fact that using simple resist mask for plasma etching is not effective, dedicated oxide (SiO 2 ) or metal (Cr) masks have been developed. These masks have been deposited on DBR structures by magnetron sputtering techniques from 4N purity targets, using Leybold Z−400 system. The thick− ness of the mask layers were 200 nm. Prior to deposition, the substrates were cleaned in hot organic solvent.
The patterning was performed by means of optical photolithography using MJB−3 mask aligner with a 500−W Hg−Xe lamp l = 250 nm (DUV). In this configuration, the resolution of 300 nm may be achieved. The positive pho− toresist UV5 0.8 has been applied by spin−coating followed by baking on hotplate Brewers 100 CB spinner. In the range of spinning speeds, recommended by the manufacturer (4500 rpm), UV5 0.8 layers with the thickness of 700 nm were obtained. Exposure doses were adjusted accordingly to the resist type (doses 8.5 mJ/cm 2 for UV5 0.8 ).
The etching of DBR structures and mask layer has been performed using inductively coupled plasma (ICP) -Plas− malab System 100 ICP from Oxford Instruments. Based on literature and our own experience with chlorine plasmas, for GaAs/AlGaAs structures etching, the BCl 3 plasma was cho− sen for the experimental part. Our etching experiments were carried out on GaAs and epitaxial GaAs (1−μm layer) in BCl 3 with addition of Ar or Cl 2 . Etching rate and surface quality as a function of ICP power (P = 100-1000 W), plasma compo− nents (BCl 3 flow f = 30-48 sccm, Ar or Cl 2 flow f = 12-30 sccm or f = 20-40 sccm, respectively) and the pressure (p = 10-30 mTorr), have been compared.
As a result, the DBR structures with satisfying etching rate and anisotropy etching in BCl 3 /Cl 2 plasma have been obtained. Table 1 shows the etching parameters for DBR layers structures and the depth of the etched holes.
The following procedure of etching of DBR structures was applied: the top layer pattern was defined by photoli− thography in resist and transferred to the mask layer by ICP etching (CF 4 /O 2 plasma for SiO 2 and Cl 2 /O 2 plasma for Cr). Table 2 Photonic crystals have been characterized by optical microscopy with phase contrast (Olympus BX51) and scan− ning electron microscope SEM (Philips XL 30). The depth of the holes was measured with a TENCOR a−step 200 @ profilometer. Reflectance measurements have been made by using HeNe l = 632.8 nm laser as an analysing beam source. Set of micro−precision moving tables enabled the mapping of the pattern reflectance. The mapping system was controlled by the software written in LabView.
Photonic crystals with single and double aberration have been etched into the GaAs/AlGaAs mirrors. Different crys− tal configurations with hole diameters of 1-8 μm and a dis− tance between holes of 1-10 μm were etched to a depth of 3.6-9.0 μm. The depth was determined by hole diameter, as it was assumed in theoretical investigation. The aspect ratio between an etching depth and a hole diameter of 6.6 μm has been obtained (for 1−μm hole diameter and a depth of etch− ing 6.6 μm). The hatched area in Fig. 2 represents the parameters of photonic crystals.
The top views scanning electron microscope images of photonic crystal fabricated in A and B DBR structures are shown in Fig. 5, 6 , and 7. The holes defined by DUV lithog− raphy and etched with ICP show negligible surface rough− ness and they are cylindrical for a diameter of above 2 μm. Good anisotropy of etching has been observed. Correct pat− terning of diameters with the error below 3% has been obtained. For holes with the diameter of about 1 μm, V−shape profiles have been obtained.
The map presented in Fig. 8 shows reflectivity distribution on the surface of photonic crystal in DBR structure signed as B. The mapping region has the area of 40×50 μm [ Fig. 8(a) ] and 25×50 μm [ Fig. 8(b) ]. Red corresponds to the maximum and blue to the minimum value of the reflectivity. The reflec− tivity signal was detected with the resolution of 0.5 μm. The re− flectivity measurements confirm that the presented photonic crystals reveal sharp edges of etched holes, circular shape, ho− mogeneity on the DBR surface, and good repeatability.
Conclusions
The feasibilities of fabrication of GaAs/AlGaAs photonic crystals for VCSEL lasers using plasma ICP etching have been demonstrated. Different configurations of photonic 
